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ABSTRACT 


^  Uederttaodtag  the  radiobiology  of  eicotacoids  is  complk^d  by  t&eir  ability 
to  act  as  mediators  of  damage  and  recovery  and  as  radioprotective  agents.  Changa 
in  the  tissue  concentrations  of  eicosanoidt  following  irradiation  are  dependent  on 
several  factors,  iadodiog  the  type  of  eicosanoid,  time  postirradiadon,  radiation 
dcse,  and  other  contributing  m^ators  and  enzyme  changes  in  the  snirounding 
microenvironment  Many  of  these  same  prostaglimdina  and  the  leokotrienes  have 
been  shown  to  be  radioprotective  when  given  before  irradiation. 
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The  eicosanoida  are  a  group  of  biologicai  mediators  that  have  received  attention 
in  the  tield  of  radiobiology  as  mediators  of  radiation  injury  (1-3)  and  recently  as 
radioprotective  agents  (4-6).  They  ate  metabolites  of  arachidonic  add  (lugure  1), 
an  essential  2(tcarbon  fatty  add  containing  four  unsaturated  double  bonds  (7). 
Arachidonic  add  is  primarily  esterifkd  in  the  second  position  of  the  glycerol 
backbone  of  phospholipids  in  the  ceil  membranes.  Ultraviolet  and  ionizing  radiation  ^ 
stimulate  the  release  of  free  arachidonic  add  through  the  action  of  phospholipases 
(8-10).  Increased  caldum  concentrations  also  stimulate  the  phospholipase  rrlease 
of  arachidonic  add.  Following  arachidonic  add  release,  one  of  three  events  occurs 
(outlined  in  Figure  1):  (a)  re-esterification  of  the  free  arachidonic  add  beck  into 
the  ceil  membrane,  or  (b)  and  (c)  metabolism  through  the  arachidonic  add  cascade. 
Arachidonic  add  is  metabolized  (Hgure  1)  through  dther  the  cydooxygenase  path¬ 
way  (B),  leading  to  the  formation  of  prostaglandins,  thromboxane,  and  prostacyclin, 
or  the  lipoxygenase  patiiway  (Q,  leading  to  the  formation  of  Icukotriencs,  lipoxins, 
and  hydroxy  fatty  ac^s.  These  compound  have  a  number  of  important  physiological 
roles  in  vasoregulation,  smooth  musde  regulation,  electrolyte  balance,  and  neuro¬ 
regulation,  as  well  as  pathologicai  roles  in  inflammation,  fever,  pain,  and  shock 
(reviewed  in  reference  7). 
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Flf.  1.  Andudoric  add  cascade.  Radiatioa  «imii}a!«a  leletse  of  {fee  encisidosk  add 
from  photpholmids  of  cell  memfcraoa.  Osice  released,  erachidooic  add  may  be  (a)  rs- 
estnified  back  ioto  ceil  membraoe,  <b)  metaboUzed  tbrousb  cyciooxygeaase  paibway,  or 
(c)  meuboUrjCd  tbroo^  lipoxygenase  pathmy.  Cbmpouadt  tbas  Uock  eitbar  pathway 
□ay  be  exerasg  a  bcsaefidal  effect  by  iahibhing  prodttcdoa  of  a  pankulsr  ckouboid 
cr  by  tfaiTdting  more  arachidoaic  add  into  products  of  other  pathway. 


PROSTAGLANDINS  IN  RADIATION  INJURY 

The  role  of  pnxta^andint  in  radiation  injury  has  been  recently  reviewed  (II). 
Irradiation  has  bees  shown  to  alter  tissue  prostaglandin  kvds,  producing  both 
elevations  (12-17)  and  decreases  ( 1 , 1 7. 1 8).  The  response  foQowing  irradiation  depends 
on  dose  received  (18,19),  tissue  irradiated  (1,13-19).  and  time  of  determination 
postirradiation  (I).  Some  radiadon-toduoed  alterations  in  prostaglandin  synthesis 
may  persist  for  months  after  exposure  to  radiation  or,  conversely,  may  not  become 
alter^  until  several  months  postexp<Mure  (12).  Prostaglandin  changes  foUowing 
irradiation  have  been  demonstrated  fn  vino  in  fibroblasts  (11),  endothelial  cells 
(20),  tissue  slices,  homogenates  (21,22),  and  urine  (23).  Several  effects  of  rodi^on 
on  prostaglandin  metabolism  in  the  blood  vessels  are  summarized  in  Figure  2. 
Alteration  of  tissue  prostaglandin  levels  may  result  from  either  anabolic  or  catabolic 
processes,  or  from  combinations  of  the  two.  Exposure  of  minipig  skin  to  X  radiation 
results  in  the  increased  production  of  prosta^andin  Ea  (PGEs)  over  the  first  24 
hours  postirradiation  (13).  Early  PGEa  elevation  in  X-4rradiated  minipig  sldn  is 
followed  by  a  progressive  decrease  in  PGEa,  which  ctmesponds  to  an  increase  in 
prmtaglandin  Fa  (PGFa)  tissue  levels.  These  latter  processes  are  tlw  result  of  an 
increase  in  9-keto  prostaglandin  reductase,  an  erzyme  that  converts  PGEa  to  PGFa. 
There  is  an  association  between  alterations  in  the  spleen  pitMU^andin  levels  of 
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irradiatol  caice  liiul  alterations  in  the  activity  of  prostaglandin  dehydrogenase  (24), 
an  enzyme  responsible  for  prostaglandin  inactivation.  Increases  in  prostaglandin 
Et  (PGEi)  in  tbi  spleen  postirradiation  are  caused  by  decreased  enzymatic  catab¬ 
olism,  leading  to  s^ccumulation. 

A  role  for  prottaglandins  as  mediators  of  radiation  injury  has  been  suggested 
in  experinmnts  tising  cyclooxygenase-inhibiting  drop,  such  as  indomethacin  (3) 
or  aspirin  (2,23).  t.o  reduce  spedAc  radiation-induced  inflammatory  responses.  These 
experintents  indiimte  that  prostaglandins  contribute  to  radiatton-4iK)uced  ocular 
tissue  inflammation  in  rabbits  (2),  mucositosis  in  humans  (14).  esophagitis  in 
opossums  (3).  and  gastrointestinal  syndrome  in  mice  (26).  Prostaglandins  may 
mediate  inflammation  through  incrcMcd  extravasation,  vasoregulation,  and  fever 
aiKl  as  cbemotact'c  factors  for  phagocytic  white  blood  cells  (reviewed  recently  in 
references  7,27).  SUaliation  nuy  also  affect  the  ability  of  the  receptor  to  bind  the 
prostaglandin  and  induce  a  specific  function.  The  specific  bindmg  of  prostaglandin 
Ea  is  decreased  in  the  spleens  and  small  intpstines  of  irradiated  mice  (28).  The 
effects  of  indomettnein  on  alteration  of  whole  animal  survival  are  contradictory, 
and  have  been  sho'im  to  either  enhance  survival  (29)  or  have  no  effect  (30).  The 
reasons  for  the  different  responses  to  nonsteroidai  anti-inflammatory  drop  are  not 
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kaown,  but  on«  may  sps^Iste  that  they  are  related  to  ib&  dosage  aad  schediiit 
of  adrainistraticiL 


PROSTAGLANDINS  AND  LEDKOTRIENES  IN  RADIOFROTECTION 

ParadoxicaUy,  the  pr«»tagiandms  have  pathological  roles  in  daio^^e,  but  they 
also  function  as  radioprotectants  for  ceils  in  culture  (6,31)  and  hematopoietic  and 
intestinal  stem  cells  (4)  in  vivo,  and  also  enhance  whole  animal  survival  (S)  Several 
studio  on  prostaglandin-induced  modification  of  radiosensitivity  in  cel!  culture 
provide  evidence  that  protection  may  be  associated  with  elevations  in  cyclic  AMP 
(6,31).  These  studies  have  centered  on  the  use  of  PGEi,  a  potent  cAMP  stimulus. 
For  prostaglandin  enhancement  of  whole  animal  survival  from  otherwise  lethal 
exposure  to  ionizing  radiation,  the  processes  are  more  complicated,  and  the  basic 
underlying  n»chanism(s)  remains  unknown.  The  most  effective  prostaglandin  in 
terms  of  whole  animal  survival  (31;  \$^akien  et  aL,  submitted)  is  16,16-dimethyl 
prostaglandin  Ea  (DiPGEa)  (Figure  3).  an  analog  of  the  naturally  occurring 
prostaglandin  Es.  Misoprostil,  an  analog  of  PGEi,  appears  to  be  more  elective 
for  protection  of  the  intestinal  crypt  cells  (32).  DiPGEa  has  a  biological  half-life 
in  tte  tens  of  minutes  (5).  as  illustrated  and  explained  in  Figure  3.  The  natwrally 
occurring  prtwtaglandin  Ea  has  a  half-life  of  2  minutes  (7).  Forty  fig  of  DiPGEa/ 
mouse  (1.6  mg/kg  body  weight)  enhances  the  LDSO/30  of  mice  exposed  to  cobalt- 
60  gamma  radiation,  providing  a  dose  modification  factor  of  1.72  (5). 
Radioprotection  by  ekosanoids  is  both  time  and  dose  dependent,  and  must  be 
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laacthntkw  vf  proanglsiidin  Et  but  not  15,16-<liinctl»yl  pfottialanflin  E» (DiPGEa). 
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administered  just  prior  (tqiproximately  15  rain)  to  irradiation  (5,33;  Walden  ct  al., 
submitted).  There  does  not  appear  to  be  a  common  vascular  end  point  induced 
by  radioprotective  eicosanoids,  since  sonje  are  vasodilatoty  and  others  are 
vasoconstrictive,  and  there  is  no  geimral  effect  on  the  hematocrit  (Walden  et  aL. 
submitted).  Phavmairological  studies  indicate  that  the  DiPGEa  protection  results 
from  the  parent  analog  rather  than  a  metabolite.  Hoivever,  tlw  optimal  period 
of  nulioprot^on  does  not  correlate  with  tlw  optimal  concentrations  of  DiPGEa 
in  the  tissue  (5). 

A  decrease  in  locomotor  activity  (33)  is  produced  by  radioprotective  concentrations 
of  DiPGEs.  Tlw  optimal  time  for  protection  (5-60  min)  is  shorter  than  the  duration 
of  the  locomotor  behavior  decrement  (33).  A  marked  depression  of  the  lo(»motor 
activity  occurred  within  5  min  postadministration  of  10/rg  DiPGEa/mousc  or  greater. 
The  behavior  of  EMPGEa-treated  mice  returns  to  control  kvels  by  6  hours  following 
a  10^  DiPGEa  dose  and  30  hours  following  a  40^  dose  (33).  Diarrhea  is  another 
undesirable  effect  of  some  but  not  all  of  the  radioprottctive  eicosanoids  (Walden 
et  aL,  submitted).  It  may  be  possible  in  tlw  foture  to  separate  the  detrimental  effects 
without  a  decrease  in  protective  efficacy. 


Most  work  on  the  rtdiobiology  of  aradiidonic  acid  nwtabolltes  to  date  has  centered 
on  the  prostaglandins,  primarily  became  the  standards  and  radioimnmnoassay  kits 
for  analyses  are  commerdally  available.  Arachidonic  add  may  also  be  metabolized 
by  the  lipoxygenase  pathway  (Figure  I)  to  form  leukotiwiws  and  hydroxy  fatty 
adds.  Ultnnnoiet-B  irradiation  human  skin  produced  a  threefold  elevation  of 
12-liydroxy  eicosatetraenoic  add  24  hours  postirradiation,  although  no  changes 
in  lenkotriene  B4  leveb  were  observed  (34).  Leukotriene  C4,  a  thiol  ether  of 
giutathioiw  and  the  triene-containing  2l><arbon  backbone,  is  devated  in  the  plasma 
of  mioe  recdving  hematoporphyrin  derivatiVe-indooed  phototherapy  (400-  to  410- 
nm  wavelength  radiaticm)  and  may  be  related  to  mast  cell  deg^ulation  (35). 
Leukotriene  C«  modifies  the  radiosensitivity  of  V79A03  Chinese  hamster  cells  in 
culture  (36).  Two^iour  pretreatment  with  2.5 /iM  leukotriene  C4  doubles  the  number 
of  cells  surviving  a  sub^uent  X  irradiation  (reproductive  survival,  based  on  colony 
formation).  This  protection  is  concentration  dependent  and  appears  to  be  associated 
with  spedfic  leukotrieiw  C4-binding  sites  on  the  cell  surface.  Leukotrieiw  C*  also 
induces  radioprotection  and  enhances  the  LD50/30  of  mice  (Waldei^  submitted). 


Future  research  directions  in  ekosanoid  radioprotection  need  to  focus  on  the 
mechanism  of  action  for  this  novd  class  of  biological  mediaton/radioprotective 
agents.  Effective  radioprotective  concentrations  of  arachidonic  add  metabolites  are 
in  the  /ig/animal  range  (1.6  pg/kg  body  wd^t)  (4,5),  compared  to  mg/mouse 
(200-800  mg/  kg  body  weight)  required  for  tlw  classical  thiol  radioprotecumtt.  Several 
mechanisTM  may  be  involved  in  protection.  The  role  of  specific  receptor  activation 
provides  the  opportunity  to  enhan^  and  control  the  protection.  If  a  primary 
component  of  protection  is  receptor  mediated,  it  may  be  possible  to  selectively 
protect  all  normal  tiuues  that  Imve  receptors,  but  not  those  normal  and  tumor 
tissues  that  lack  the  receptor.  Eicosanokl-induced  events  mediated  on  the  ceUuiar 
level  by  a  receptor  may  enhaiwe  their  effects  on  these  cells  and  also  other  tissues 
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through  systemic  responses  to  eicosanoids  that  might  occur  through  ths  cardio¬ 
vascular  system.  Actions  at  these  higher  levels  may  play  significant  roles  in  the 
radioprotection.  The  success  of  the  long-lived  DiroEs.  an  analog  of  PGIIs,  as 
a  protective  agent  points  to  the  need  to  develop  other  biologically  stable  ctcosanoid 
analogs  that  retain  radioprotective  cfTicacy  with  minimal  side  effects. 

Tumors  secreting  biological  mediator^' with  protective  activity  may  modify  the 
efficacy  of  the  therapy.  This  appears  to  be  the  case  for  several  of  the  prostaglandin- 
secreting  tumors  (37).  The  prostaglandin  may  conceivably  protect  the  tumor  at 
the  i^llular  level  by  elevation  of  cyclic  AMP  (5,31)  or  glutathione  (38),  or  at  a 
systemic  level  by  suppression  of  the  immune  system  (1).  An  interesting  set  of 
experiments  relating  to  this  issue  were  conducted  using  the  HSDMICI  mouse 
fibrosarcoma  cell  line,  which  has  been  shown  to  secitte  high  levels  of  PGEs  (38). 
Radiation  clonogenic  siuvival  curves  were  performed  in  the  presence  or  absence 
of  flurbiprofen,  a  cyclooxygenase  inhibitor.  The  two  survival  curves  do  not 
significantly  differ,  a^  may  indicate  that  the  PGEa  produced  by  this  tumor  cell 
line  does  uot  feed  hack  and  modify  its  own  ceUular  radioseusitivity.  It  is  not  known 
whether  this  cell  luu  has  receptors  to  PGEs,  and  if  the  ndioprotecdon  is  receptor 
mediated,  then  the  lack  of  PGEa  receptors  may  explain  the  inability  of  PGEa  to 
act  as  a  radioprotectant  in  this  cell  line. 
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